Immune sera from mice infected with the Lyme disease spirochete, Borrelia burgdorferi, have strong biologic activity against spirochetes cultured in vitro. Recent studies with rodents and ticks infected with B. burgdorferi indicate that spirochetes undergo major changes in protein expression as they adapt to the diverse environments encountered by a vectorborne pathogen. The purpose of this study was to explore the susceptibility of three different adaptive forms of B. burgdorferi (in vitro cultured, host-derived, and tickborne) to immune sera. Passive transfer of immune sera protected mice when they were challenged with spirochetes cultured in vitro. Immune sera did not protect mice from tickborne spirochetes or spirochetes derived from infected mice. These results indicate that spirochetes that have adapted within either the feeding tick or host are relatively invulnerable to the protective effects of immune sera, unlike spirochetes grown in vitro, which are highly susceptible.
Sera from patients and animals with Lyme disease contain from the tick into the host is not merely a mechanical event.
During the process of feeding by the tick, spirochetes within antibody reactivity against a number of proteins of the causative spirochete, Borrelia burgdorferi. More important, such sera the vector grow in number, invade tick salivary glands, and undergo major changes in protein expression [9 -13] . Furtherhave strong biologic activity [1 -3] . Sera from infected mice (immune sera) are borreliacidal to organisms grown in vitro more, changes in B. burgdorferi protein expression are not limited to the vector. B. burgdorferi continues to alter its pattern [4] . Passive transfer of remarkably small amounts of immune sera to naive mice protects them against challenge with in of gene expression within the mammalian host [12, 14 -21] . The changes in spirochete gene expression that occur during vitro -grown spirochetes [2] . Protective activity has likewise been documented in immune sera from naturally infected hutick feeding and during infection of the mammalian host may help spirochetes to effectively infect the host and cope with mans and dogs when passively transferred to laboratory rodents [5 -7] . Collectively, these observations underscore the fact that the host's immune response. Spirochetes grown in vitro that are injected into the host may be especially vulnerable to antiinfection with B. burgdorferi induces a strong humoral protective immune response in a variety of host species, demonstrable bodies in immune serum because they may not reflect the adaptive state of spirochetes entering the host via tick bite. by passive transfer of immune sera to naive recipients, but that immunity is not capable of eliminating infection in the The purpose of this study was to explore the susceptibility of different adaptive forms of B. burgdorferi to the protective persistently infected serum donor.
Studies to characterize the protective capacity of passively effects conferred by immune serum. administered immune sera have been carried out by syringe challenge of mice with in vitro -grown spirochetes. Recent studies with Ixodes dammini (Ixodes scapularis) [8] , the tick Materials and Methods vector of Lyme disease, indicate that transfer of spirochetes Mice were challenged with spirochetes cultured in vitro by intraTo determine the distribution of spirochetes within feeding ticks, guts and salivary glands were dissected out of unfed and partially dermal injection of 10 4 spirochetes in 0.1 mL of BSK II medium. fed (48 h) nymphs and examined for spirochetes by confocal scanMice were challenged with in vivo-derived spirochetes either by ning laser microscopy as previously described [9] . In brief, the transplantation of small pieces of infected ear tissue or by syringe organs were immobilized on glass slides and stained with the inoculation with chamber-derived spirochetes. For transplantation fluoresceinated B. burgdorferi antiserum. The tissues were imaged challenge, donor mice were inoculated intradermally with 10 4 culon a confocal scanning laser microscope (MRC 600; Bio-Rad Labtured B. burgdorferi as above. At 2 weeks after inoculation, an oratories, Microscience Division, Cambridge, MA) equipped with interval at which spirochetes have been shown to have disseminan argon-krypton laser. When tick organs were examined for spiroated to the ear [24] , mice were killed, ears were excised, their chetes, the whole organ, including the entire thickness, was evalusurface was sterilized, and then the ears were cut into 2-mm ated for the presence of spirochetes. squares. Previous studies have shown that ear pieces of this size
Preparation of immune and hyperimmune sera. To generate contain Ç1 1 10 4 spirochetes (equivalent or less than the syringe immune sera for these studies, C3H mice were inoculated intraderchallenge dose) at this interval of infection [19] . Ear tissues for mally with 10 2 live B. burgdorferi in 0.1 mL of BSK II medium. transplant were placed in cold BSK II medium, then immediately This input inoculum dose has been shown to be too small to elicit transplanted into the subcutis of recipient mice through small cutaa detectable antibody response without subsequent replication and neous stab incisions under ketamine-xylazine anesthesia and asepdissemination of spirochetes in the infected host [2, 19] , so that tic technique.
antibody within immune serum reflected antibody developed Chamber-derived spirochetes were collected from spirocheteagainst B. burgdorferi in vivo. We have previously shown that containing chambers implanted into the peritoneal cavity of unininocula of õ10 4 spirochetes do not elicit OspA responses in infected mice [25, 26] . Chambers were constructed from 13-mm fected mice [2, 19] , and we have shown that OspA is not expressed plastic rings with a side filling hole. Both sides were covered in vivo [10, 19] . We therefore selected the 10 2 infecting dose to with 0.1-mm-pore membrane filters cemented into place (Millipore, be certain that immune sera reflected antibody to antigens exBedford, MA). Ethylene oxide-sterilized chambers were filled pressed in vivo during active infection and not as a result of the with 0.2 mL of BSK II medium containing 5 1 10 5 spirochetes immunizing effect of the initial inoculum. (cloned B. burgdorferi N40) via the side filling hole with a needle Lack of OspA antibody in immune sera was verified by ELISA, and syringe; then the hole was sealed with a plastic rod. Two using recombinant OspA antigen, and by immunoblot with culchambers were surgically implanted into the peritoneal cavity of tured B. burgdorferi lysates (data not shown). At 90 days after each mouse under ketamine-xylazine general anesthesia. On the inoculation, infection was verified by culture of blood, spleen, and basis of pilot experiments, we determined that maximal yields of urinary bladder. Sera from multiple mice with verified infection spirochetes occurred at 10 days after implantation (data not were pooled. Hyperimmune OspA antiserum was prepared by imshown). Therefore, 10 days after implantation, mice were euthanmunizing a rabbit subcutaneously with 40 mg of recombinant ized and chambers removed. Spirochetes were harvested by aspiraOspA-glutathione-S-transferase fusion protein in complete tion of the chamber with a needle and syringe after flushing with a small amount of BSK II medium. Viable spirochetes were immediately enumerated and used to inoculate mice at a dose equivalent Table 1 . Protective capacity of immune serum against different to syringe challenge ( 10 4 ) with cultured spirochetes.
adaptive forms of B. burgdorferi. Mice were challenged with tick-derived spirochetes by allowing 5-8 infected nymphal ticks to attach to and feed on each mouse. II medium, as described previously [21] . An animal was considered infected if at least one of the sites yielded spirochetes. Rear legs for each group and using Student's unpaired t test.
50 mL repeatedly administered at days 0, 4, 8, and 12 after transplant challenge. † Mice were challenged by injecting spirochetes grown in culture or by transplanting infected tissue from another mouse.
‡ Arthritis was evaluated in each animal by blinded examination of both
Results
tibiotarsi and recording the score of the more arthritic joint.
As shown previously [2] , mice were protected from B. burgdorferi infection when 10 mL of immune serum was administered at the time of challenge with in vitro -grown spirochetes, Freund's adjuvant. The rabbit was boosted twice at 10-day intervals with 40 mg of fusion protein in incomplete Freund's adjuvant but immune serum administered 4 days after challenge did not before the rabbit was bled and sera collected for use in experiments.
eliminate the infection ( NOTE. Mice were checked for infection by culturing blood, urinary bladder, spleen, and skin in BSK II medium 2 weeks after challenge. ND, not done. * Mice were treated with normal mouse serum (10 mL), OspA antiserum (200 mL), or low-dose immune serum (10 mL) 24 h before tick challenge. Mice receiving high dose of immune serum received 50-mL doses of serum administered 24 h before and at days 3, 7, and 11 after tick challenge.
† Mice were challenged with spirochetes grown in culture or by tick bite. ‡ Salivary glands and guts were dissected out of ticks that had fed for 48 hours (partially engorged) and examined for spirochetes by confocal microscopy. Whole tick smears were prepared from fully engorged ticks and examined for spirochetes by immunofluorescence microscopy.
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12-05-97 11:41:21 jinfa UC: J Infect mice, no protection was observed against transplant challenge 24 h before challenge with infected ticks. The mice receiving the high-dose immune sera received multiple 50-mL doses of when immune serum was administered at day 0 or on days 4 or 8 (table 1) . Transplant-derived spirochetes were able to infect serum that were administered 24 h before as well as at days 3, 7, and 11 after tick challenge. A control group was chaland disseminate within the recipient mice in the presence of passively administered immune serum.
lenged with 10 4 cultured spirochetes by syringe inoculation. As expected, all syringe-challenged mice were protected by The process of host adaptation may require spirochetes to disseminate and possibly enter certain tissues of the host and/ immune serum (table 3) . In contrast, the majority of mice that were treated with low and high doses of immune sera and or come into contact with host cells. Alternatively, regardless of the location of the spirochete, interaction of the spirochete challenged by tick bite became infected (table 3) . Thus, tickborne spirochetes were similar to host-adapted (transplant-and with a ubiquitous factor in the host may be sufficient for adaptation. To further characterize the process of host adaptation, chamber-derived) spirochetes in their ability to infect mice in the presence of immune serum. experiments were done with spirochetes recovered from chambers implanted in mice. Mice were passively immunized, then Tickborne spirochetes were unable to infect mice in the presence of OspA antibodies (table 3) [29] . The mechanism of challenged with 10 4 chamber-derived spirochetes intradermally. Unlike spirochetes grown in vitro, which were susceptiprotection afforded by OspA antibodies involves the killing of spirochetes directly within feeding ticks so that transmission ble to immune serum, equivalent challenge doses of chamberadapted organisms infected mice passively immunized with from the vector to the host is blocked [10, 29] . Therefore, engorged ticks recovered from mice treated with immune sera immune serum (table 1). The process of host adaptation appeared not to be dependent on contact with host cells or dissemwere examined to determine if spirochetes in the tick had been killed in a similar manner. Unlike ticks recovered from OspA ination to particular tissues.
We next investigated if host-adapted spirochetes were sensiantibody -treated mice, partially and fully engorged ticks recovered from mice treated with immune sera contained spirotive to a higher dose of immune serum that was repeatedly administered over the course of the infection. Mice were inchetes (table 3) . When salivary glands and guts of partially engorged ticks were examined for spirochetes by confocal mifected by skin transplant; then, 50-mL doses of immune or control sera were administered at days 0, 4, 8, and 12 after croscopy, spirochetes were detected in both salivary glands and guts (table 3) . Thus, spirochetes within ticks feeding on mice transplant. Despite the presence of the higher and repeated doses of immune sera, which were maintained until necropsy treated with immune serum were able to survive in the gut, invade the salivary glands, and infect the host. on day 14, the mice infected by transplant developed disseminated spirochete infections (table 2) .
We have previously reported that both immunocompetent Discussion and immunodeficient mice with established B. burgdorferi infections develop active arthritis, and passive transfer of immune
In passive transfer studies, relatively small amounts of immune serum from actively infected mice have been shown to serum reduces the severity of arthritis without eliminating infection, including spirochetemia [2, 28] . Joints of the abovebe protective against syringe-inoculated cultured spirochetes [2] . We show here that these strong protective effects of immentioned mice infected by skin transplant in the presence of higher doses of serum were examined to determine the severity mune serum may be circumvented during natural transmission. Mice that were passively immunized with relatively large of arthritis (table 2) . Transplant-inoculated mice receiving normal mouse serum had more severe arthritis (mean score { SD, amounts of immune serum, then challenged by tick bite, became infected. The lack of protection with immune serum was 2.0 { 0) than did transplant-inoculated mice receiving repeated higher doses of immune serum (mean score, 0.4 { 0.6; P £ also observed when host-adapted (skin transplant and chambergrown) spirochetes were used to challenge passively immu-.001; table 2). Although passively administered immune serum did not prevent infection and dissemination of host-adapted nized mice. Our results are divergent from another study in which mice spirochetes, immune serum modulated the severity of arthritis caused by infection via transplant inoculation.
were effectively immunized against tick challenge by administration of large amounts of immune serum [30] . In that study, The above studies indicated that host-adapted spirochetes (transplant-and chamber-derived) were resistant to immune immune serum was derived by pooling serum from 20 mice that had been infected for 6 months. These pooled sera conserum, while spirochetes grown in vitro were vulnerable. During natural infection, spirochetes that enter the host are neither tained OspA antibodies, indicating that at least some of the donor mice had seroconverted to OspA after 6 months of infechost-adapted nor grown in vitro. The relevant question with respect to defining protective immunity using immune sera tion [30] . Previous studies have documented that although laboratory mice infected with low doses of spirochetes do not serofrom infected animals is whether the sera protect mice from tickborne infection. Mice were injected with normal mouse convert to OspA early in the infection [2, 19] , mice do develop OspA antibodies after prolonged infection [22] . Tickborne spiserum (10 mL), B. burgdorferi OspA antiserum (20 mL), lowdose immune sera (10 mL), or high-dose immune sera (50 mL) rochetes are very sensitive to OspA antibodies, which destroy / 9d3f$$fe19 12-05-97 11:41:21 jinfa UC: J Infect spirochetes within feeding ticks and block transmission to the chetes delivered by tick feeding. Nevertheless, our data clearly document significant relative differences in the vulnerability host [10] . Unlike the sera used by Shih et al. [30] , the immune sera used in the current study did not contain OspA antibodies, of different adaptive states of spirochetes to the protective effects of immune serum from actively infected mice. An imand this difference may explain the divergent results obtained in the two studies.
portant area for future study is the environmental and molecular cues that regulate gene expression in B. burgdorferi. The differential effect of immune serum on various adaptive forms of spirochetes requires further study. An infected tick feeding on a rodent requires 48 h to transmit spirochetes to the host [13] . During this 48-h period, spirochetes grow, invade is a critical element in design of such experiments, as high 
